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ABSTRACT
To braai is part of the South African heritage that transcends ethnic barriers and socio-economic groups. In this paper, a compre-
hensive analysis of atmospheric gaseous and aerosol species within a plume originating from a typical South African braai is
presented. Braai experiments were conducted at Welgegund – a comprehensively equipped regional background atmospheric
air quality and climate change monitoring station. Five distinct phases were identified during the braai. Sulphur dioxide (SO2),
nitrogen oxides (NOx) and carbon monoxide (CO) increased significantly, while ozone (O3) did not increase notably. Aromatic and
alkane volatile organic compounds were determined, with benzene exceeding the 2015 South African one-year ambient air
quality limit. A comparison of atmospheric PM10 (particulate matter of an aerodynamic diameter £10 µm) concentrations with
the 24-hour ambient limit indicated that PM10 is problematic during the meat grilling phase. From a climatic point of view, rela-
tively high single scattering albedo (ùo) indicated a cooling aerosol direct effect, while periods with lower ùo coincided with peak
black carbon (BC) emissions. The highest trace metal concentrations were associated with species typically present in ash. The
lead (Pb) concentration was higher than the annual ambient air quality limit. Sulphate (SO4
2–), calcium (Ca2+) and magnesium
(Mg2+) were the dominant water-soluble species present in the aerosols. The largest number of organic aerosol compounds was in
the PM2.5–1 fraction, which also had the highest semi-quantified concentration. The results indicated that a recreational braai does
not pose significant health risks. However, the longer exposure periods that are experienced by occupational vendors, will signifi-
cantly increase health risks.
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1. Introduction
A braai (plural braais) is the practice by which wood or charcoal
is burned in an open fire to grill meat. The word braai is an
Afrikaans word for barbecue or grill. Although the term origi-
nated from Afrikaans-speaking people, it was adopted by South
Africans of many ethnic backgrounds. The application of braai
transcends ethnic barriers and is practised by people of all
socio-economic groups in South Africa. This form of cooking is
not just a means to an end, but is an important social activity that
strengthens the inter- and intra-relations of communities. It is
common practice to include this type of cooking in casual family
time, formal team-building events, meetings and business enter-
tainment.1 In describing the essentials needed at the ideal camp-
site (stand), a portable braai is listed among other fundamentals
such as electrical outlets and water points.2 It has been stated
that a braai started at lunchtime could last the entire afternoon
and well into the evening.3
Braai meat is also sold by many vendors on street markets in
formal, semi-formal and informal settlements in South Africa. In
addition, wood and charcoal are commonly burned in many
households for cooking and space heating, especially in semi-
formal and informal settlements, which significantly contributes
to poor air quality.4,5 Alternative, cleaner burning fuels have been
suggested to replace wood-fired braais used by meat traders and
households.6
Historically, wood was the most widely used braai fuel. How-
ever, in modern times, the use of charcoal or charcoal-related
products, such as briquettes, has increased due to the availability
and competitive price thereof. A charcoal fire also emits less smoke
and particulate matter compared to a wood fire.7 Although
wood and charcoal are not the primary energy source in most
developed countries, it is currently one of the most commonly
used fuels for cooking.8 The population growth in the develop-
ing world, with its associated increasing demand in oil- and
gas-based energy, may in future promote the increased use of
wood and charcoal for cooking.
Although wood- and charcoal-based cooking is currently not
treated as a significant source of airborne pollution compared to
other well-known sources, e.g. motor vehicles, industries,
coal-fired power plants and biomass burning, cooking emissions
and its associated adverse impacts on human health and the
environment should not be neglected.9 Typical emissions usually
associated with biomass burning (veld fires and household
combustion) that could be similar to emissions from a typical
braai include nitrogen oxides (NOx), carbon monoxide (CO),
volatile organic compounds (VOCs), black carbon (BC), as well
as particulate inorganic and organic compounds. Gases and
particulate species also have a significant impact on climate
change. Particulate species, for instance, have a cooling or warm-
ing effect (direct and indirect) on the atmosphere, depending on
their chemical and physical properties. Gaseous species could
RESEARCH ARTICLE A.D. Venter, K. Jaars, W. Booyens, J.P. Beukes, P.G. van Zyl, M. Josipovic, J. Hendriks, 181
V. Vakkari, H. Hellén, H. Hakola, H. Aaltonen, J. Ruiz-Jimenez, M-L. Riekkola and L. Laakso,
S. Afr. J. Chem., 2015, 68, 181–194,
<http://journals.sabinet.co.za/sajchem/>.
* To whom correspondence should be addressed. E-mail: pieter.vanzyl@nwu.ac.za
ISSN 0379-4350 Online / ©2015 South African Chemical Institute / http://saci.co.za/journal
DOI: http://dx.doi.org/10.17159/0379-4350/2015/v68a25
also react to form particulates through gas-to-particle transfor-
mations.10
Few studies have been published that characterize airborne
species emitted from braais to determine the associated pollu-
tion11 and impacts on climate change. Therefore, in this paper, a
comprehensive analysis of atmospheric species within a plume
originating from a typical South African braai is presented.
2. Site Description
Measurements were conducted at Welgegund (www.welge-
gund.org) located on a grazed grassland savanna approxi-
mately 100 km west of Johannesburg in the North West Province
of South Africa. There are no major mining and/or industrial
activities within the vicinity of the site. The nearest surroundings
included grazed fields and farmland used in maize cultivation.
Additionally, the entire western sector (from north to southeast)
contains no major point sources. This sector is therefore repre-
sentative of the regional background of the interior of South
Africa and to some extent of southern Africa. However, the site is
also frequently impacted by air masses that have passed over
various source regions, which include petrochemical industries,
coal-fired power stations, the Johannesburg–Pretoria megacity
conurbation and the Bushveld Igneous Complex that contains
various pyrometallurgic operations.12 A detailed description of
the location and instrumentation of the Welgegund monitoring
stations was presented by Beukes et al.12 Currently, this measure-
ment station is one of the most comprehensively equipped in
South Africa to measure air quality and climate change-relevant
parameters.12–16
3. Materials and Methods
3.1. Materials
During each braai experiment, four bags of 4 kg Weber™
briquettes purchased from a local supermarket were used. Two
briquettes were removed from each bag for subsequent material
characterization. Blitz™ firelighters were used to light the braais.
Lamb chops and beef sausages were purchased from a local
supermarket for each braai experiment. Eight lamb chops
weighing 796 ± 2 g and eight beef sausages weighing 804 ± 5 g
were placed on each braai used in the experiments. One lamb
chop and one beef sausage were randomly selected and analyzed
in order to characterize the raw meat utilized. Although other
types of meat are also used for a braai, lamb chops and beef
sausages are often used. It can be expected that different types of
meat will result in different atmospheric emissions.17 However, it
was not the aim of this study to determine emissions associated
with different meat types. The aim was to determine air quality
impacts and aerosol direct effects associated with a typical braai.
Therefore, the emission measurements obtained with meat used
in this study can be considered to be representative.
3.2. Material Characterization
Similar to the procedures described by Kleynhans et al.,
randomly selected charcoal briquettes were pulverized to obtain
a homogeneous composition for subsequent material character-
ization (based on ISO 13909-4:2001).18 Proximate analysis
(air-dried basis) was performed to obtain moisture (SANS
5925:2007), ash (ISO 1171:2010) and volatile matter contents (ISO
562:2010), while ultimate analysis determined the total carbon
(C), hydrogen (H), nitrogen (N), oxygen (O) (ISO 29541:2010)
and sulphur (S) contents (ISO 19579:2006).
Representative samples of raw meat, i.e. one lamb chop and
one beef sausage, were chemically analyzed according to the
guidelines of the association of official analytical chemists
(AOAC) to determine the moisture (AOAC 950.46), ash (AOAC
923.03), total fat (AOAC 996.06), protein (Dumas Combustion
Method), N (Dumas Combustion Method) and sodium (Na)
(AOAC Method 984.27) contents.
3.3. Braai Setup
The first braai experiment was conducted on 20 February 2012
and the second experiment on 29 January 2013. Participants in
the experiments arrived at the Welgegund site at 09:55 for the
first braai experiment and 09:45 for the second braai experiment.
Vehicles were parked at least 100 m from the site to ensure that
exhaust fumes did not bias the baseline measurements prior to
the commencement of the braai experiments. For both experi-
ments, 4.0 ± 0.1 kg charcoal briquettes were placed in each of the
four identical braais and each braai was lit using 28 ± 0.6 g
firelighters. During the first braai experiment, the firelighters
were lit at approximately 10:13, while firelighters were lit
at approximately 10:20 during the second experiment. In order
to ensure that the plumes originating from the braais reached all
the instrument inlets, the four identical braais were strategically
placed upwind of the monitoring station at a distance of 5.4 m
from the inlets during both experiments. Figure 1 indicates a
schematic illustration and photographs of the braai experimen-
tal setup, as well as the general plume direction.
For each braai experiment, the concentrations of all atmo-
spheric gaseous species and aerosols measured are presented in
time series graphs from 09:00 to 13:00. Five different phases were
defined during the braai experiment, i.e. prior to the braai (prior
phase), the phase when the braai is ignited, followed by the
presence of fire and smoke (fire and smoke phase), a stable
period during which all the charcoal briquettes were glowing
(stable phase), grilling the meat stage (grill phase) and a phase
after the meat is cooked and removed from the braai (post-
phase). The fire and smoke, stable and grill phases are also
presented in Fig. 1. The charcoal was allowed to burn for one
hour after it was lit (fire and smoke phase) in order to achieve
peak combustion. At that stage, smoke emanating from the
burning charcoal briquettes had totally subsided and all
briquettes glowed red. This stable phase was allowed to con-
tinue for 18 minutes during the first experiment and 15 minutes
during the second experiment in order to clearly differentiate
between the stable phase and the grill phase. Grilling of the meat
(grill phase) started at 11:40 during the first experiment and
at 11:30 during the second experiment. The meat was grilled un-
til it was well done. The grilled meat was removed at 12:10 and
12:00 during the first and second braai experiments, respectively.
Thereafter, the braais from which the meat had been removed
were left as is until 12:40 during the first experiment and 12:28
during the second experiment. This allowed the embers to cool
down, while post-grilling atmospheric measurements were
obtained.
3.4. Sampling Methods
Most of the measurement instruments were housed inside an
Eurowagon 4500u trailer. Detailed descriptions of the measure-
ment station, as well as procedures for quality assurance, mainte-
nance and data analysis were presented in previous papers.4,12–14,19
Various continuous measurements of atmospheric gaseous
species and aerosols are performed at the Welgegund station.
Atmospheric gaseous species, i.e. sulphur dioxide (SO2), nitrogen
oxide and (NO) nitrogen dioxide (NO2), ozone (O3) and CO were
measured with the following instruments: a Thermo-Electron
43S SO2 analyzer (Thermo Fisher Scientific Inc., Yokohama-shi,
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Japan), a Teledyne 200AU NO/NOx analyzer (Advanced Pollu-
tion Instrumentation Inc., San Diego, Cam USA), an Environ-
ment SA 41M O3 analyzer (Environment SA, Poissy, France)
and a Horiba APMA-360 CO analyzer (Horiba, Kyoto, Japan).
The atmospheric aerosol measurement instrumentation were
equipped with PM10 (particulate matter with aerodynamic
diameter £10 µm) inlets. A synchronized hybrid ambient
real-time particulate (SHARP) monitor (model 5030, Thermo
Fisher Scientific Inc.) was used to determine the total mass of
atmospheric PM10 particles. A multi-angle absorption photometer
(MAAP) (model 5012 Thermo Fisher Scientific Inc.) was used to
determine the aerosol absorption at 637 nm and atmospheric
black carbon (BC) concentrations. No filter change artefact20
occurred in the MAAP measurements during the experiment.
An Aurora 3000 three-wave length nephelometer (Ecotech Inc.,
Knoxfield, VIC, Australia) was used to determine light scattering
of aerosols at three wavelengths, i.e. 450, 525 and 635 nm. A
custom-built differential mobility particle sizer (DMPS) equipped
with a TSI condensation particle counter (CPC) (model 3010, TSI
Inc., Shoreview, MN, USA) was used to determine the total
number concentration of aerosols between 12 and 840 nm. All
measurements were logged at one minute intervals, with the
exception of the aerosol size distribution that was recorded
every nine minutes. All permanently operating instruments
at the Welgegund atmospheric research station had been run-
ning upon arrival, providing a sufficient baseline before the
braai experiments.
Absorption measurements are not presented separately in this
paper, because BC concentrations are derived from absorption
measured at 637 nm and would mimic BC results.21 The single








where sAP is the aerosol absorption determined with the MAAP
(637 nm) and sSP is the aerosol scattering at 637 nm; sSP is extrapo-
lated from aerosol scattering measurements using Ångström
exponents, cf. Laakso et al.22
VOCs were collected on 20 stainless steel adsorbent tubes
(6.3 mm ED × 90 mm, 5.5 mm ID, Tenax-TA packing material)
during the different phases of the first braai experiment. Dupli-
cate VOC samples were collected for 10 minutes during the
different phases of the braai, i.e. four times during the fire and
smoke phase, once during the stable phase, twice during the grill
phase and three times after the meat was removed from the grill.
The first 1.25 m of the adsorbent tube inlet (made from stainless
steel) was heated to 120 °C to remove O3 that leads to sample
degradation.23 A constant flow-type automated programmable
pump sampler was used at a flow rate of 10 mL min–1 After
sampling, the tubes were removed and closed with Swagelok®
caps. Each tube was separately wrapped in aluminium foil and
transported to the laboratory, where it was stored in a freezer.
The analysis was performed with a thermal desorption (TD)
system (Perkin-Elmer TurboMatrix™ 650, Waltham, USA)
coupled to a gas chromatograph (GC) (Perkin-Elmer® Clarus®
600, Waltham, USA) with a mass spectrometer (MS) detector
(Perkin-Elmer® Clarus® 600T, Waltham, USA). Quality assurance
of the data was performed as previously described.13,23
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Figure 1 A schematic and photographic representation of the braai experiment location and setup at Welgegund Atmospheric Monitoring Station.
A Dekati (Dekati Ltd., Finland) PM10 cascade impactor
(ISO23210) was used to collect PM10–2.5 (particulate matter with
aerodynamic diameter 2.5 µm ³10 µm), PM2.5–1 (particulate mat-
ter with aerodynamic diameter 1 µm £2.5 µm) and PM1 (particu-
late matter with aerodynamic diameter£1 µm) at a flow rate of
30 L min–1. Teflon® filters were used to collect the water-soluble
anion and cation species, as well as trace metals. All collected
filters were divided into two equal parts with a fit-for-purpose
stainless steel punch. One part was used to determine water-
soluble anion and cation content, while the second part was
used for trace metal analysis. For water-soluble anion and cation
analysis, each sample was leached in 5 mL deionized water
(18.2 MW) and subsequently analyzed on an ion chromatograph
(IC) with conductivity detector (Dionex ICS–3000). The
particulates collected on the second half of the Teflon® filters
were extracted by means of hot acid leaching (20 mL HNO3 and
5 mL HCl) and diluted in deionized water to 100 mL for subse-
quent trace metal analysis with an inductively coupled plasma
mass spectrometer (ICP–MS) Agilent 7500c).24,25
A second Dekati PM10 cascade impactor (ISO23210) equipped
with quartz filters was used to collect particulates at the same
flow rate and in the same size ranges (PM10–2.5, PM2.5–1 and PM1) as
mentioned above. After sampling, the filters were kept in a
freezer until analysis. These filters were used to characterize and
semi-quantify organic compounds. Each filter was extracted
with a 1:1 mixture of methanol and acetone by utilizing dynamic
ultrasonic assisted extraction for 40 min as described by Booyens
et al.15 The analysis was performed with comprehensive two-
dimensional gas chromatography coupled with a time-of-flight
mass spectrometer (GCxGC-TOFMS). A LECO Pegasus 4D
GCxGC-TOFMS system equipped with an Agilent 7890 A GC
and an Agilent 7683 B auto sampler was used. The organic com-
pounds were identified with LECO ChromaTOF and Guineu
software according to mass spectral matches (similarity fits
700/1000) and retention indices (I) (I confidence intervals fewer
than 150 units). More restrictive characterization parameters
could have been applied, which would have resulted in the
more accurate characterization of organic compounds. Addi-
tionally, identified organic species could also be verified and
supported by the analysis of standards. However, this was not
applied in this study. Therefore, the compounds characterized
in this paper are considered to be pre-identified organic species.
Thereafter, the compounds were categorized according to their
functional groups, i.e. hydrocarbons (alkanes, alkenes, alkynes,
aromatics), oxygenated species (alcohols, ethers, aldehydes,
ketones, carboxylic acids, esters), halogenated compounds
(chloride (Cl), bromide (Br), iodine (I), fluorine (F)), as well as N-
and S-containing organic compounds. The organic compounds
were sem-quantified, which is an approximation of the concen-
tration of the organic compounds. In this study, 1-1’binaphthyl
was used as an internal standard and the relative concentrations
of the organic compounds were expressed as the sum of the
normalized response factors (SNRF), which is a measure of
the detector response of an analyte compared to the internal
standard. The calculation of these SNRF values is described in
Booyens et al.15
In addition to the atmospheric measurements, a thermocouple
was also used to determine the temperature in the centre of the
briquettes during the different braai phases previously indi-
cated, i.e. fire and smoke, stable, grill and post.
4. Results
All measurements were logged at one-minute intervals, with
the exception of the aerosol size distribution that was recorded
every nine minutes. Twenty VOC’s samples were taken, each
after 10 minutes of sampling. The filters used for trace metal,
anion, cation and organic analysis sampled for the duration of
the experiment. Since the experiment is dependent on ambient
conditions (e.g. wind direction, speed, turbulence and natural
chemistry) it was repeated one year later. All permanently oper-
ating instruments at the Welgegund atmospheric research station
had been running upon arrival, providing a sufficient baseline
before the two braai experiments. The resemblances between
the two experiments, (a) and (b), can be seen in each figure,
where (a) is first and (b) second braai experiment, respectively.
4.1. Material Characterization
The characterization of the raw materials, viz. charcoal
briquettes, beef sausage and lamb chops, utilized in the braai
experiments is presented in Table 1. Proximate analysis of the
charcoal briquettes indicated that the briquettes had a fixed
carbon content of 41.70 %, ash content of 20.47 % and 32.20 %
volatile matter. The use of a binding agent when the charcoal
pulp was compressed into briquettes possibly contributed to the
relatively high volatile content measured. The ultimate analysis
revealed very low percentages of N and S present in the briquettes,
with expected higher percentages of N, C and O.
Analyses of the meat samples indicated that the beef sausages
had higher ash content, moisture, protein, N and Na levels than
the lamb chops did. The high Na concentration in the sausages
can be expected, since it is a processed form of meat with table
salt and other spices added according to a specific recipe. The
lamb chops contained more fat than the beef sausages did,
which was likely due to the fat layer attached to the chops. Beef
sausages are usually prepared from specific recipes that require a
certain amount of fat to be added.
4.2. Gaseous Species
In Fig. 2, the SO2 concentrations for the two braai experiments
are presented. It is evident that the SO2 concentrations were rela-
tively low prior to the onset of the braai experiments. However,
after the braai was ignited, SO2 concentrations started to increase
and peaked during the fire and smoke phase. High temperature
oxidation of S present in both the firelighters and charcoal
(Table 1) is most likely the source of SO2 during this stage. A
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Table 1 The chemical characterization of the briquettes and meat used
during the braai experiments.
Charcoal
Proximate analysis % Ultimate analysis %
Inherent moisture 5.40 Carbon 52.91
Ash 20.47 Hydrogen 2.53
Volatile matter 32.20 Nitrogen 0.89
Fixed carbon 41.70 Oxygen 17.48
Sulphur 0.09
Meat
Chemical analysis Beef Lamb
sausage chops
Moisture /g 100 g–1 68.3 51.8
Ash /g 100 g–1 3.3 0.8
Fat/g 100 g–1 6.8 26.6
Nitrogen /g 100 g–1 2.7 2.1
Sodium /mg 100 g–1 1045 54.2
% Protein 17.2 13.1
decrease in SO2 concentrations was observed as the charcoal
briquettes started burning optimally (stable phase). When the
meat was added and grilling started, SO2 concentrations increased
slightly, returning to ambient levels as the grilled meat was
removed from the braais. The minor increase in SO2 concentra-
tions during the grill phase could be ascribed to possible low
S concentrations in the meat and dripping fat (Table 1), which is
oxidized and volatilized.
In order to contextualize the above-measured SO2 concentra-
tions, the measurements were compared to relevant current and
future air quality limits. In Table 2, the limits prescribed by the
South African and European ambient air quality standards are
listed. Throughout the braai experiments, SO2 concentrations
remained well below the prescribed South African 10-minute
ambient standard limit of 500 µg m–3.
In Fig. 3, atmospheric concentrations of NO and NO2 are
presented. Ambient NO and NO2 levels were constant and rela-
tively low before the fires were lit. NO2 were also higher than
NO, which is typical for ambient NOx since NO emitted into the
atmosphere is oxidized to NO2. Concentrations of NO and NO2
increased significantly and remained elevated for the duration
of both braai experiments. Additionally, no distinct trends in
relation to the various braai phases were observed. In contrast to
typical ambient conditions, NO and NO2 were also in the same
concentration range, which is indicative of a fresh plume that
has not been oxidized. NO and NO2 levels returned to ambient
concentrations once the braais were removed. The possible
sources of the enhanced NO and NO2 concentrations during
the braai could be from the N present in the charcoal fuel and the
meat (Table 1), as well as the thermal oxidation of N2. However,
since a maximum temperature of 750 °C was measured in the
glowing charcoal briquettes, it is unlikely that the contribution
from the latter source would be significant. Thermal NOx forma-
tion usually occurs above 1600 °C when N2 and O2 in the combus-
tion air disassociate into their atomic states.28 Therefore, the most
likely source of NOx would be the oxidation of N present in the
briquettes, with a possible smaller contribution from the meat.
Notwithstanding the afore-mentioned relatively significant
increases of NO and NO2 observed during both braai experiments,
NO2 remained well below the prescribed one-hour standard
limit of 200 µg m–3 indicated in Table 2.
Atmospheric O3 concentrations presented in Fig. 4 fluctuated
more during the fire and smoke, and the grill phases compared
to the typical diurnal O3 concentrations represented by the
mean diurnal O3 levels calculated for the summer of 2012. How-
ever, no significant O3 increases were observed. In the first braai
experiment, the O3 levels did not significantly exceed the sum-
mer mean values indicated in Fig. 4a. During the second braai
experiment (Fig. 4b), the O3 concentrations exceeded the summer
mean values, due to the background O3 concentrations (prior
phase) being significantly higher than during the first experiment.
Atmospheric O3 concentrations usually increase during day-
time, since atmospheric O3 formation is dependent on solar
radiation, which was still observed during the braai experi-
ments. The lower than typical ambient O3 concentration that
occurred during the various braai phases can possibly be
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Figure 2 The SO2 concentrations of the first (a) and second (b) braai experiment.
Table 2 South African and European air quality standards.
Chemical Annual 24-hour 8-hour 1-hour 10-minute
species /µg m–3 /µg m–3 /µg m–3 /µg m–3 /µg m–3
SO2 50

















a Current National Air Quality Act of the South African Department of Environ-
mental Affairs.26
b 2015 National Air Quality Act of the South African Department of Environ-
mental Affairs.26
c European Commission Air Quality Standards.27
ascribed to periods when titration of O3 occurred. However, the
peaks that were observed during the braai experiments were
unexpected and cannot be explained at this stage. The South
African national ambient air quality standard limit and the Euro-
pean standard limit for O3 is an eight-hour moving average of
120 µg m–3 (Table 2). The duration of the braai experiments was
~2.5 hours and the levels can therefore not be directly compared
to the eight-hour limit. However, O3 concentrations twice
peaked above 120 µg m–3 during the second braai experiment.
Although O3 levels were not significantly elevated in the fresh
braai plume, it is expected that O3 levels could increase in the ag-
ing plume due to NOx and VOC (discussed later in the paper)
emissions from the braai.13
In Fig. 5, atmospheric CO concentrations are presented. CO
levels sharply increased during the fire and smoke phase of the
experiments shortly after the fires were lit. This was expected,
since CO is a major product of incomplete combustion. CO
concentrations remained elevated for the duration of both braai
experiments. Similar to NOx concentrations, CO levels did not
exhibit a clear trend in relation to the various braai phases and
ambient CO concentrations were restored after removal of the
braais. Notwithstanding the afore-mentioned elevated levels,
concentrations remained below the prescribed one-hour South
African ambient standard limit of 30 000 µg m–3 (Table 2).
In Fig. 6, the concentrations of atmospheric VOCs measured
during the first braai experiment are presented. These measure-
ments were not conducted during the second experiment. The
VOC species detected were primarily the aromatics (benzene,
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Figure 3 NO (black) and NO2 (red) concentrations are closely related during the first (a) and second (b) braai experiment.
Figure 4 O3 concentrations fluctuate during the first (a) and second (b) braai experiment (black) and deviate from the 2012 summer mean (red).
toluene, ethyl benzene, xylene and styrene) and alkanes
(heptane, hexane, octane, nonane and decane). All other VOCs
were below the detection limit of the analytical instrument.
Nonane and decane were also not detected in all the phases of
the braai, as indicated by missing data points for these com-
pounds in Fig. 6. Benzene was the main VOC emitted, while
toluene had the second highest concentrations. The concentra-
tions of all the aromatics, as well as the longer chain alkanes,
nonane and decane, were higher during the fire and smoke
phase. This can most likely be attributed to the paraffin-like
compounds in the firelighters, as well as the volatile matter
present in the charcoal briquettes (Table 1) being released during
combustion. The concentrations of the aromatics, as well as the
shorter chain alkanes, hexane, heptane and octane, were
elevated during the grill phase. The shorter chain alkanes were
significantly higher during the grill phase, compared to their
levels in the fire and smoke phase. The emissions of VOCs
during the grill phase can be mainly attributed to fat dripping on
the coals. Fat lipids range from four- to 24-carbon chain lengths.
Burning fats could reduce the carbon chain length and contrib-
uted to the higher concentrations of the shorter carbon chain
alkanes. Cross-bridging between the carbon chains that occurs
due to the high temperatures could account for the formation of
aromatics. Furthermore, the cooking process breaks cell mem-
branes, as well as alters protein structure and fat composition,
which can release various VOCs that are perceived by the smell
(aroma) of certain aromatics.
Benzene is currently the only VOC that has a South African
ambient air quality standard limit, i.e. a one-year standard of
10 µg m–3, which will change to 5 µg m–3 in 2015 (Table 2).
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Figure 5 The CO concentrations of the first (a) and second (b) braai experiment show no difference between the separate braai phases.
Figure 6 BTEX (a, b) and alkanes (c) display peaks during the fire and smoke, and grill phases.
Benzene concentrations were higher than the 2015 one-year
limit during the fire and smoke, and grill phases. However, it
must be noted that the entire braai experiment was conducted in
approximately 2.5 hours and these short-term levels can there-
fore not be used to quantify possible impacts on human health
associated with atmospheric benzene exposure during a typical
braai. However, it is evident that benzene and toluene levels
were substantially elevated above ambient concentrations
during the braai, since the maximum benzene and toluene con-
centrations during the grill phase were 50 and four times higher
than the ambient measured annual median benzene (0.13 ppb)
and toluene (0.63 ppb) levels at Welgegund, respectively.13
4.3. Aerosol Species
The PM10 mass presented in Fig. 7 indicates that PM10 concen-
trations increased above the background concentrations during
the fire and smoke phase, and even more significantly during
the grill phase. During the fire and smoke phase, this increase
was approximately an order of magnitude, while the increase
during the grill phase was up to two orders of magnitude. In
contrast to most of the measurements discussed, the PM10 levels
during the stable phase were similar to background concentra-
tions. The higher PM10 concentrations measured during the fire
and smoke phase and the grill phase can be attributed to primary
aerosols emitted from the incomplete combustion of different
fuels, i.e. firelighters and charcoal during the fire and smoke
phase, and fat dripping on the charcoal during the grill phase. It
is unlikely that a significant amount of secondary aerosol forma-
tion occurred, since the braais were in close proximity to the inlets.
The chemical composition of these aerosols will be explored later
in the paper when the GCxGC-TOFMS analyses are considered.
The current 24-hour South African ambient standard limit for
PM10 is 120 µg m
–3, which will be revised in 2015 to 75 µg m–3
(Table 2). The duration of the braai experiments was ~2.5 hours
and PM10 concentrations can therefore not be compared directly
to the 24-hour limits. However, concentrations during the fire
and smoke phase occasionally exceeded the current concentra-
tion limit, while the future limit was exceeded several times.
During the entire grill phase, the current and future limits were
significantly exceeded. The prevalence of high PM10 levels from
charcoal combustion has previously been identified as a concern.29
The total number of sub-micron particles ranging between 12
and 840 nm measured during the braais, as presented in Fig. 8,
increased after the firelighters were lit and reached a maximum
at the end of the fire and smoke phase. During the first braai
experiment, the sub-micron total number concentration reached
250 000 cm–3, which is two orders of magnitude above the base-
line measurements during the prior phase. However, the ~9 min
scanning time of the DMPS negatively influence the resolution
of the measurements and it can therefore not be stated with
absolute certainty when peak number concentrations occurred.
The total number of submicron particles decreased during the
stable phase, remaining relatively stable during the grill phase
and only returning to background concentrations after the
braais were removed.
A comparison of the PM10 mass concentration (Fig. 7) and the
submicron particle number concentration (Fig. 8) clearly indi-
cates that smaller particles are emitted during the fire and smoke
phase, while larger particles are mainly emitted during the grill
phase. In addition, air ion spectrometer (AS) measurements of
the 10–40 nm negative ion concentrations indicated that the
negative ion levels during the fire and smoke phase were 10 to 20
times higher than during the prior phase. Furthermore, negative
ion concentrations were twice as high during the fire and smoke
phase compared to negative ion levels during the grill phase,
which indicates higher ultrafine particle concentrations during
the fire and smoke phase. The lower number of fine particulates
observed during the grill phase could also be attributed to the
high conversational sink of other species during this phase, e.g.
by lower SO2 emissions during the grill phase compared to the
fire and smoke phase. The potential health risks associated with
exposure to ultrafine particles released during charcoal-based
cooking may be higher than acceptable30, especially when this
method of cooking is conducted in a confined space, e.g. house-
hold combustion. A typical South African braai, however,
usually takes place outdoors or in a well-ventilated area.
In Fig. 9, the five-minute means for BC concentrations are
presented. BC mass increased directly after igniting the
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Figure 7 Concentrations of PM10 aerosols during the first (a) and second (b) braai experiment.
firelighters up to a maximum during the fire and smoke phase
due the liberation of BC particles from the charcoal and possible
incomplete combustion. As the braai reaches the stable phase,
BC levels decreased and returned to background levels. BC con-
centrations again increased when the meat was placed on the
grill. This could be attributed to two possible release mechanisms,
i.e. BC particles can be liberated from the charcoal by the dripping
action of the hot fat on the briquettes, as well as incomplete
combustion of the dripping fat in the flames. After the meat was
removed from the braai, background BC levels were again
observed.
The intensity of light scattering measured by the three-wave-
length nephelometer is presented in Fig. 10. From these data, it is
evident that light scattering was elevated during the fire and
smoke phase and reached its maximum during the grill phase,
while it was similar to background levels during the other
phases. A similar trend was observed for PM10 concentrations
(Fig. 7). A comparison of these two measurements, i.e. scattering
and PM10, indicated that PM10 observed during the braai is more
scattering than absorbing. This will be explored in the next para-
graph where single scattering albedo (wo) is considered.
In Fig. 11, the five-minute averages of the calculated wo are
presented. Depending on the surface albedo, wo can be used to
estimate whether the aerosol direct effect is heating or cooling.
Over grassland, for instance, the wo threshold between heating
and cooling is approximately 0.75, i.e. wo> 0.75 indicates a
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Figure 8 The total number ofparticles between 10 and 840 nm per cm3 during the first (a) and second (b) braai experiment.
Figure 9 The absorption at 637 nm relating to BC concentrations during the first (a) and second (b) braai experiment.
cooling aerosol direct effect. Laakso et al. presented a campaign
average of 0.84 and summer-time average of 0.89 for measure-
ments conducted at Elandsfontein in the Mpumalanga High-
veld.22 Beukes et al. reported a median wo of 0.89 for the relatively
clean background sector at Welgegund.12 From the comparison
of the braai plume wo with the afore-mentioned literature data it
is evident that aerosols for the entire measurement period were
very reflective. Initially, during the fire and smoke phase, some-
what lower wo values were observed, which correlated with the
peak release of BC (Fig. 9). Thereafter, the wo was similar to back-
ground levels, with the exception of the grill phase when very
high wo was observed. This can most likely be attributed to fat
dripping on the coals during the grill phase, increasing the
emissions of organic aerosols, which is mostly reflective. This is
supported by the increase in VOC emissions observed during
this phase. During the fire and smoke phase, the mean wo was
0.94, while the grill phase had a mean of 0.98. The mean wo for the
entire braai experiment was 0.96. These values are extremely
high and indicate that aerosols emanating from a braai are very
reflective resulting in a cooling aerosol direct effect on the atmo-
sphere.
Barbecue charcoal combustion can be an important source of
trace metal emissions to the atmosphere.31 Therefore, the trace
metal content of the aerosols from the braai was also quantified.
In contrast to most of the other measurements, no prior and
post-phase concentrations were determined. Therefore, trace
metal concentrations cannot be contextualized in relation to
background levels at Welgegund. In total, 32 trace elements
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Figure 10 The backscattering from the three wavelengthnephelometer during the first (a) and second (b) braai experiment is given at each wave-
length (450, 525 and 635 nm).
Figure 11 The single scattering albedo (637 nm) during the first (a) and second (b) braai experiment.
could be detected, which included beryllium (Be), boron (B), Na,
magnesium (Mg), aluminium (Al), phosphorus (P), potassium
(K), calcium (Ca), titanium (Ti), vanadium (V), chromium (Cr),
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu),
zinc (Zn), arsenic (As), selenium (Se), strontium (Sr), molybdenum
(Mo), palladium (Pa), silver (Ag), cadmium (Cd), antimony (Sb),
barium (Ba), platinum (Pt), gold (Au), mercury (Hg) thallium
(Tl), lead (Pb) and uranium (U). The concentrations of these trace
elements measured in the different size fractions are presented
in Fig. 12. Be, Se and Pt were below the detection limit of the
analytical technique applied. Mo and Hg were below the detec-
tion limit in the PM2.5-1 fraction, while Fe, Co, Ag and Hg were
below the detection limit in the PM1 fraction. The highest trace
metal concentrations were measured for Ca, Na, Al, Fe, K, Mg,
Cr, and B, which contributed 21.3, 19.3, 15.2, 9.9,8.3, 6.4, 3.3 and
2.7 %,respectively, to the total concentration. These species are
typical ash components. The other trace metals contributed only
13.6 % of the total trace metal concentration. The size distribu-
tion results indicated that 46 % of the total trace metal mass was
in the PM2.5-1 size range. Trace metal concentrations determined
by Van Zyl et al. in the highly industrialized western Bushveld
Igneous Complex (BIC) in South Africa indicated that atmo-
spheric Fe and Mg were the most abundant atmospheric metal
species, while Na, B and Al also had relatively high atmospheric
concentrations.24
Pb is the only metal species that has a limit prescribed by the
South African ambient air quality standards, while limits also
exist for V, Ni, As, Cd and Pb in Europe. The total Pb, V, Ni,
As and Cd concentrations were 1.798, 0.301, 1.532, 0.068 and
0.007 µg m–3, respectively. Pb exceeded the South African and
European annual ambient air quality limit, while V, Ni, As and
Cd exceeded European annual ambient air quality limits. These
exceedences of the one-year standard limits of these metals
cannot, however, be used to quantify the possible negative
effects on human health exposure for the duration of a braai. The
annual average concentrations of Pb, V and Ni in the western
BIC determined by Van Zyl et al. were 0.08, 0.04 and 0.33 µg m–3,
while As and Cd were not detected.24 The annual average con-
centration of 0.33 µg m–3 measured for Ni exceeded the standard
limit value by an order of magnitude, which was attributed to
base metal refining in the western BIC. The Ni concentrations
measured during the braai experiment were similar than the
annual average Ni levels measured at the western BIC.
Water-soluble anion and cations were also quantified. As is
evident from the results indicated in Fig. 13, sulphate (SO4
2–) was
the dominant anionic species, while calcium (Ca2+) and magne-
sium (Mg2+) were the dominant cationic species. It was also
obvious that most of the water-soluble species occurred in the
PM1 fraction, while the concentrations of the cations and anions
decreased with an increase in particle size. This can be attributed
to the freshness of the plume emanating from the braais.
As previously mentioned, aerosols were also collected on
quartz filters during the first braai experiment in order to iden-
tify organic compounds with GCxGC-TOFMS. Similar to trace
metal measurements, aerosol samples were not collected prior to
and after the braai experiment for organic compound character-
ization. The results can, however, be compared to a one-year
sampling campaign conducted by Booyens et al. at Welgegund.15
In Fig. 14a, the total number of compounds pre-identified in
each of the size fractions and their corresponding SNRF are
presented. A significant smaller number of compounds were
pre-identified for the braai experiment, i.e. 50, compared to the
1056 organic compounds pre-identified by Booyens et al.15 This
can be attributed to the difference in sampling periods, i.e.
Booyens et al.15 collected 24-hour samples, while aerosol samples
were only collected for ~2 hours. In addition, the number of
organic compounds presented by Booyens et al.15 was the
combined number of organic compounds pre-identified for the
entire one-year sampling campaign. It is also not possible to
completely ascertain whether organic compounds pre-identi-
fied were exclusively from the braai experiment. The largest
number of compounds pre-identified was in the PM2.5-1 fraction,
which also had the highest SNRF. Booyens et al. also indicated
that the largest number of compounds and highest SNRF were
in the PM2.5-1 fraction.
15 However, blow-off of semi-VOCs is
likely to occur for the PM1 fraction that can contribute to an un-
derestimation of the number of compounds and SNRF of
species in this fraction.32 The higher SNRF determined for
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Figure 12 Trace metal analysis (a) ofaerosol species captured during the first braai experiment with enlargement (b).
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Figure 13 Anion and cation species identified (a) during the first braai experiment with enlargement (b).
Figure 14 The total number and semi-quantification of size resolved (a) organic species and their functional groups (b).
particulates smaller than 2.5 µm indicate that these organic
compounds can potentially be more harmful to human health
compared to larger particles.
In Fig. 14b, the number of compounds and the SNRF of the
different classes of organic functional groups are presented. The
largest number of compounds detected was hydrocarbons in all
the size fractions, while the second, third and fourth largest
numbers of species were oxygenated, N- and S-containing
compounds, respectively. Very few halogen-containing species
were detected. The highest accumulated SNRF were deter-
mined for hydrocarbon species in the PM2.5-1 and PM10-2.5
fractions, while oxygenated and N-containing species were the
second most abundant with similar SNRFs in the PM2.5-1 and
PM10-2.5 fraction. In the study conducted by Booyens et al., the
largest number of organic compounds determined with the
highest SNRF was oxygenated species that were indicative of
aged air masses.15 The higher occurrence of hydrocarbon species is
expected for primary aerosols emitted from a fresh burning
plume. The main organic compound contributing to the
relatively high accumulated concentration of the hydrocarbon
species in the PM2.5-1 and PM10-2.5 fraction was accession the
predominant oxygenated and N-containing species contribut-
ing to the SNRFs were diisooctyl phthalate and 4H-1,2,4-
triazol-4-amine, respectively. Oxidative decomposition of the
fatty acids, especially unsaturated species, can be considered to
be a source for many organic compound groups, including
hydrocarbons, aldehydes, ketones, alcohols, esters, furans and
lactones.17
5. Conclusions
According to the knowledge of the authors, this is the most
comprehensive investigation of atmospheric species in a typical
South African braai plume. Both air quality and climatically
important aspects were considered.
Compared to background concentrations, SO2, NO and NO2,
and CO increased significantly during the braai experiment,
although they remained well below the ambient air quality
limits. O3 concentrations did not increase notably during the
braai, although O3 levels fluctuated more than usual. The pre-
dominant VOC species detected were aromatics and alkanes,
with elevated levels observed during the fire and smoke, as well
as grill phases. Benzene was higher than the proposed future
South African one-year ambient air quality limit during the fire
and smoke, and grill phases. These short-term elevated levels
during a typical braai can therefore not be used to quantify possible
negative impacts on human health.
The PM10 mass concentrations increased during the fire and
smoke phase, and even more significantly during the grill phase.
Elevated PM10 levels during the fire and smoke phase, and grill
phase were attributed to emissions of primary aerosols associated
with the incomplete combustion of charcoal and dripping fat,
respectively. A comparison of PM10 with the 24-hour ambient
standard limits indicated that PM10 is, especially, problematic
during the grill phase. However, due to the relatively short dura-
tion of a typical braai, PM10 concentrations cannot be compared
directly to standard limit values. The total number of sub-micron
particles increased after the firelighters were lit and reached a
maximum of 250 000 cm–3 at the end of the fire and smoke phase.
A comparison ofPM10 and submicron particle number concen-
trations indicates that smaller particles are emitted during the
fire and smoke phase, while larger particles are mainly emitted
during the grill phase.
wo was calculated from scattering and absorption measure-
ments. The wo was relatively close to one during all phases of the
braai with the exception of the initial period of the fire and
smoke phase that had somewhat lower wo values. These lower wo
values coincided with the peak BC emissions. The results indi-
cate that aerosols emanating from a braai are reflective and
have a cooling aerosol direct effect. Particulates emitted from
braai could also act as cloud condensation nuclei, which,
through the indirect effect, can have a net cooling effect.
In total, 32 trace elements were analyzed for. The highest trace
metal concentrations were associated with trace elements typi-
cally present in ash. 46 % of the total trace metal mass percentage
could be attributed to the PM2.5-1 size range. The Pb concentration
was higher than the South African and European annual
ambient air quality limit, while V, Ni, As and Cd exceeded Euro-
pean annual ambient air quality limits. However, the ~2.5-hour
duration of the braai cannot be compared directly to these
annual limits. SO4
2– was the dominant anionic, while Ca2+ and
Mg2+ were the dominant cationic water-soluble species present
in the braai aerosols. The PM1 size fraction also had the largest
water-soluble cation and anion load.
The largest number of organic compounds pre-identified from
GCxGC-TOFMS analysis was in the PM2.5-1 fraction that also had
the highest concentration, although blow-off of VOCS is likely to
occur for the PM1 fraction. The largest number of compounds
detected was hydrocarbon species in all the size fractions. Few
oxygenated, N- and S- containing species were detected. Hydro-
carbon species in the PM2.5-1 fraction had the highest accumu-
lated SNRF. The main organic compounds that contributed to
the relatively high accumulated concentration of the hydrocarbon
species in PM2.5-1 and PM10-2.5 fraction were icosane. The domi-
nant oxygenated and N-containing species were diisooctyl
phthalate and 4H-1,2,4-triazol-4-amine, respectively.
In general, the results indicated that for a recreational braai no
significant health-related risks occur due to the relatively short
exposure period. However, if these short-term results are extrap-
olated to longer exposure periods that are experienced by occu-
pational vendors on a daily basis, it is evident that health-related
risks significantly increase. In addition, semi-formal and infor-
mal cooking practices also expose large numbers of people to
both indoor and outdoor emissions that would be expected to be
similar to the results presented here. Although some negative
aspects might be associated with long-term exposure to braai
plumes, the net climatic aerosol direct effect seems to be cooling.
However, the climatic effects of long- and short-lived green-
house gases (GHGs) were not evaluated in this study.
Our final conclusion and recommendation is: Braai our beloved
country!
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